Abstract. We report a simple, handy and affordable optical approach for precise number-oflayers determination of graphene on SiC based on monitoring the power of the laser beam reflected from the sample (reflectance mapping) in a slightly modified micro-Raman setup.
Introduction
A variety of different substrates have been proposed in the past few years aiming at obtaining large-scale graphene sheets for electronic applications. In many cases graphene on semiconductor substrate (conducting or semi-insulating) is ready for device processing with no need for transfer to another substrate, and from this point of view the different polytypes of silicon carbide offer an attractive perspective for large-scale growth by sublimation [1] [2] [3] or chemical vapour deposition [4] . In case of sublimation growth on the (0001) Si-face of the hexagonal 4H or 6H polytypes of SiC a so-called buffer layer is formed at the graphene/SiC interface, which is non-conducting and chemically bound to the substrate [5] . It has been 2 shown that hydrogen intercalation can transform the buffer layer into an extra graphene layer; the accompanying decoupling from the substrate results in improved mobility [6] . Single graphene layer can also be produced via H-intercalation, if only a buffer layer is prepared on the SiC surface prior to the intercalation procedure, as demonstrated previously [7] and in the present article.
The most important feedback parameter to graphene growth on any substrate is the number of layers (or thickness). Atomic force microscopy (AFM) is often quoted as a reliable method applicable to graphene flakes on SiO 2 /Si or other smooth substrates [8] , however this method is inappropriate for thickness determination of graphene on SiC (G/SiC), because usually all of the surface is covered by single or multiple layers and, in addition, the surface morphology of the substrate is rough enough (due to steps) to mask the contribution from boundaries between graphene areas with different number of layers. It should be noted, however, that phase contrast in AFM is capable of distinguishing buffer layer, mono-and bilayer graphene on SiC [9] , and when AFM is operated in the so-called Kelvin-probe force microscopy mode it allows studying of features in graphene morphology with sub-nanometer resolution [10] [11] .
Raman mapping has also been considered as a means to distinguish single layer from bilayer and multilayer graphene using the line shape and the position of the so-called 2D Raman peak [12] . While this approach seems reliable in distinguishing one and two from multiple layers for exfoliated graphene (on SiO 2 or suspended [13] ), in G/SiC stress and doping variations occur on microscopic scale and influence the line shape, position and intensity ratio of the Raman lines (G-and 2D-peaks) to a larger extent than the thickness, hence the Raman spectra alone usually do not provide unambiguous layer-number determination [14] [15] .
Previous work conducted mainly on exfoliated graphene transferred to SiO 2 on silicon (graphene/SiO 2 /Si) has shown that even single graphene layer is visible in optical microscope if proper oxide thickness and illumination wavelength are selected [16] [17] [18] . Blake et al. [16] demonstrate that the wavelength of illumination and the SiO 2 thickness have to be matched together for optimal contrast for observation of graphene, because the optical interference in the oxide layer plays a crucial role. Another study [17] , also regarding the graphene/SiO 2 /Si system, suggests using mapping of reflected light from a white-light source and demonstrates distinct contrast spectra (dependence of the contrast on the wavelengths in the white-light source) for up to 10-layer graphene. In both references [16] [17] macroscopic theory based on definition of refractive index even for single-layer graphene is used to describe the experimental data. The visibility of graphene on glass in optical microscope without taking 3 advantage of any interference contrast enhancement has been also demonstrated in later work [19] ; these authors point out also the difficulties with visualizing graphene on high-index substrates (such as SiC) due to low contrast.
Concerning G/SiC, similar purely optical approach for precise quantitative thickness determination in the most interesting region of few-layer graphene is missing, to the best of our knowledge. This is probably due to the low contrast of G/SiC (~1.7% in reflection and ~1.3% in transmission) [20] [21] compared to ~7% for graphene on glass [19] . Nevertheless, recent work has succeeded in distinguishing single from bilayer graphene in optical microscope images [22] . However, while this finding is of great importance in evaluating the sample homogeneity, e.g., within devices fabricated on graphene, the optical inspection provides mainly qualitative information on the morphology, not on the exact number of layers within the different areas visible in the microscope. Attempts to use absorption [21, 23] or attenuation of the Raman signal from the substrate [24] for thickness determination of G/SiC have only had partial success, since the error margin is acceptable only for a large number of layers, a case of no big practical interest. The absorption method used in [23] suffers insufficient spatial resolution, but recently proposed micro-transmission imaging [25] overcomes this limitation, offering the microscopic resolution necessary for investigating the morphology of G/SiC. The authors [25] use micro-transmission in combination with Raman spectroscopy to investigate the properties of mono-and bilayer G/SiC. However, as mentioned above the contrast in absorption (transmission) is somewhat lower than that in reflection (contrary to suspended graphene), and the back-side quality as well as the dopingdependent transparency of the SiC substrate may influence the transmitted intensity. Thus, so far the most reliable method of thickness determination for few-layer G/SiC is considered to be the low-energy electron microscopy (LEEM) [26] , which allows also imaging. However, this method is not very convenient for routine characterization, since it is rather expensive and requires preparation procedures prior to experiment. We note also that thickness determination by LEEM is restricted to about 10 layers, while more than hundred layers are often observed on the C-face of SiC. Thus, LEEM has restricted capabilities for routine characterization of graphene grown intentionally on the C-face. Another method making use of the contrast in scanning electron microscopy [27] suffers similar restrictions.
Thus, a handy, quantitative, purely optical method capable of evaluating the exact number of layers and imaging graphene morphology with sub-micrometer spatial resolution is highly desirable. We propose here an approach based on mapping the power of the laser beam 4 reflected from the sample (reflectance mapping) in a most common micro-Raman setup. The method provides quick imaging of areas comparable with those usually observed in LEEM. In our particular samples, we have observed all the reflectance values associated with up to 12 layers G/SiC, but extension to up to 50 layers is possible, as indicated by the theoretical consideration, which provides the possibility to study the thickness morphology also for graphene on the C-face of SiC. An important advantage is the possibility of simultaneous Raman and reflectance mapping, which provides valuable independent information on the thickness in the interpretation of the Raman spectra.
Results and discussion

Experimental details
The experimental setup is outlined schematically in Fig. 1 . The main modification to an otherwise conventional micro-Raman spectrometer is the addition of two beam splitters (BS1 and BS2). In fact, when infinity-corrected objective is used, the laser light reflected from the sample travels exactly the same way but backwards with respect to the incoming laser beam.
BS1 separates the reflected laser beam from the incident one and directs the former to BS2.
The purpose of BS2 is to divide the reflected beam into two counterparts, one of which is used to control the focus via a CCD camera, while the power of the other is measured using a power meter. Reference intensity is readily obtained by recording the power reflected from a bare SiC substrate, usually averaged over a number of points. Care should be taken, however, to ensure oxide-free reference substrate, see the Supplementary Data (Section S1) for details.
We utilize autofocusing of the beam on the sample during mapping using the image of the laser spot from the CCD camera as a feedback for precise vertical positioning of the sample, which is mounted on a piezo positioner (not shown). The latter is mounted in its turn on a computer-driven X-Y table (not shown) used for scanning the sample under the beam during mapping. Thus, the maximum lateral resolution can be maintained during the whole mapping procedure. We have estimated the laser spot diameter on the sample to about 400 nm (full diameter at half-maximum intensity) with our objective of magnification 100, which means that the corresponding size of the Airy disk is about 800 nm. Another optional power meter can be used as shown in Fig. 1 for recording the slow-term variations of the laser power; this reference data can be used in processing the map for renormalization of the measured reflectance from the sample and/or the bare substrate.
The samples used in this work were prepared by high-temperature sublimation of 4H and 6H SiC in a broad temperature interval (1400 -2000 °C) and include samples grown in vacuum, 5 as well as in Ar ambient with pressure in the range 50 -1000 mbar. Further details on the growth conditions and the hydrogen intercalation are presented elsewhere [2] [3] . 
Experimental results
We will demonstrate now that the intensity of the laser beam reflected from the sample contains unambiguous information on the number of graphene layers. Initially, we investigated a sample containing only monolayer (light areas) and islands of bilayer graphene Note that each layer contributes by about the same amount in the reflected intensity, i.e. 1.7 % of the reference intensity (denoted R SiC in the figure). The investigation of other samples shows that the increase in reflected intensity by 1.7% per layer holds also for more than two layers. Since graphene grown on the C-face of a SiC substrate is known to exhibit large variety in the number of layers, this kind of samples are suitable for testing the reflectance of multiple layers. 
where R(N) denotes the reflectance of N layers of G/SiC. The most important observation from the data presented in Fig. 3 and other similar data (not shown) is that we are able to identify plateaus related to reflection from up to 12 graphene layers with no significant deviation from the linear dependence implied by Eq. We will argue later that the factor 0.017 in Eq. (1) should not actually depend (at least, not strongly) on experimental factors, such as numerical aperture and working distance of the objective used, neither should it exhibit strong dependence on the laser wavelength. For the time being we discuss the application of our method to different species of G/SiC, such as graphene on Si-or C-face, and hydrogen-intercalated graphene. Fig. 4 shows examples of reflectance maps for different types of samples, illustrating the applicability of the method in all cases. In processing the maps for graphene on C and Si faces, we did not notice any significant deviation from Eq. (1), despite the different properties of these species concerning the presence or absence of buffer layer, as well as the stacking sequence in case of few-layer graphene (FLG). On Si-face, there exists a buffer layer and FLG forms in Bernal stacking sequence, while on the C-face there is no buffer layer and the layers in FLG are rotationally misoriented [5] , which leads to decoupling of the layers. (We note that different structure of graphene on C-face SiC consisting in rotationally-misoriented domains of Bernal-stacked graphene has also been reported [28] .) Neither the stacking arrangement nor the presence of buffer layer seems to influence the reflectance results, which are generally in agreement with Eq. (1). Similar observation has been made for multiple H-intercalated graphene samples, with one exception concerning the monolayer graphene regions of the H-intercalated sample presented in Fig. 4(f) . Prior to intercalation, this particular sample had large areas on the surface covered with buffer layer only, which has been lifted into a single graphene layer after H-intercalation (the upper right part of the map in Fig. 4 (f) displays several such areas). In this particular sample, and only on the monolayer areas, we have observed a gradient in the reflectance, which is easily seen as change in the colour across the area, e.g., in the area marked as a single layer with "1" in Fig. 4(f) . No such gradient is observed in the bilayer areas or in any of the other H-intercalated samples, which typically had minimum two layers [cf. Fig. 4(e) ]. The origin of this graded reflectance is not understood at present. We note that both the buffer layer and the hydrogen atomic layer in the case of H-intercalation are essentially transparent and non-conductive, therefore their influence on the reflectance is expected to be negligible. 
Comparison with theory
We turn now to discussion of the experimental results and the appearance of Eq. (1) in the light of the existing theory. Recent theoretical work [20, 29] treats the conductivity of graphene within the tight binding approximation and provides analytical expressions for the optical conductivity, which is in close relation to the reflectivity. In addition to the calculation of the conductivity, Stauber et al [20] derive also the formulas describing transmission and reflectivity of a single graphene layer separating two media with relative dielectric permittivities  1 and  2 . In the case of G/SiC the first media is air (or vacuum), hence  1 = 1, and the second media is SiC with refractive index 55 . 
Here 0
 denotes the dielectric permittivity of vacuum, c is the speed of light, and () is the conductivity of the graphene layer. Note that while SiC n is real in the visible part of the spectrum, () may be complex, hence the modulus sign in the numerator and denominator.
However, it has been shown previously [30] [31] that as long as optical frequencies are considered, () can be replaced by the universal conductivity . This is in spite of the fact that the above equations are valid for normal incidence only, while our microscope objective (numerical aperture NA = 0.95) collects light reflected at angles up to ~70. Thus, integration over the spatial angle corresponding to the NA of the objective is sometimes proposed for obtaining accurate results [19] , but the agreement between theory and experiment suggests that such integration is not essential in our case and would only slightly modify the theoretical factor of 0.0167. This can be seen from the following argument. The laser has well defined polarization, hence light reflected under a certain angle will contain equal contributions from s-and p-polarizations.
However, when absorption is weak (as in our case), the general appearance of the reflectivity curves for s-and p-polarized light is such that their average approximately equals the reflectivity value at normal incidence for angles well below the Brewster angle. This is not an accurate approximation for large angles of incidence (around and above the Brewster angle), but such angles have only minor contribution in the total reflection due to the Gaussian distribution of the laser intensity in the beam cross-section. Weak dependence on the numerical aperture of the objective has been reported also for graphene on glass substrates (< 0.04%) [19] and on bulk SiO 2 substrate [31] . Thus, we neglect the integration procedure. Equation (3) offers a simple and accurate expression for the contrast of FLG (small N) on any transparent (for the wavelengths of interest) substrate. From the common definition of contrast [8, 17] (in this case, contrast in reflection) we obtain for the contrast of FLG
Similar expression can be found in Ref. [31] . The contrast is lower for graphene on higher index substrate, which stipulates that the approximate linear change of contrast with the number of layers according to Eq. (4) is valid for larger N compared to graphene on low-index substrate, e.g., glass or SiO 2 . In particular, the contrast of ~1.7% for single layer on SiC (refractive index ~2.55) is by a factor of four to five lower than the contrast on glass (typical refractive indices in the range 1.46 -1.55), which might explain the non-trivial efforts succeeding only recently in distinguishing single-layer from bilayer graphene on SiC in optical microscope [22] , whereas graphene on glass or SiO 2 has been routinely observed in microscope for years.
Note that the general form of Eq. (3) is actually not valid for large number of layers, because
(the appropriate limit would be the reflectivity of graphite). It is interesting therefore to compare Eq. (3) to an equation, which adopts macroscopic approach to FLG on a substrate by assigning complex refractive index to graphene, as is done, for instance, in the work of Ni et al [17] . In this work the authors consider the trilayer system graphene/SiO 2 /Si; in our case we have to deal with the bilayer system graphene/SiC and, following similar approach, we assign a complex refractive index 
where the phase difference  depends on the thickness d of graphene,
is the wavelength, and 
Using the textbook relations
, and ,
where () is the dielectric function, it is not difficult to see that Eq. (6) 
. We note also that the real part of the dielectric function, which is related to the imaginary part of the conductivity does not appear at all in the expression to the first order of d/ (it does appear in the second order). Similarly, if instead of replacing () with 0  we use the complex expression for (), e.g., from Ref. [29] we will find that the imaginary part of () is involved only in terms quadratic with respect to the product , which justifies their neglect for FLG. Furthermore, the comparison of Eqs. (6) and (3) 
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Ni et al [17] use constant values n = 2.0 and  = 1.1 to fit their data in the whole visible region of the spectrum, but constant values are incompatible with Eq. (8) . In later work of Bruna and Borini [33] we find essentially the same expression as Eq. (8) [their Eq. (2)] deduced on the ground of the definition of extinction coefficient and the observed absorption of  in single graphene layer by Nair et al [34] . The only difference is that in their formula Although all measurements in this work are performed using laser wavelength of 532 nm (2.33 eV), we may still discuss the anticipated wavelength dependence of the contrast (reflectance) on the ground of existing data for the refractive index and extinction coefficient of graphene and graphite [35] [36] . To this end we have discussed the reflectance in the approximation when the electronic band dispersion in graphene is that of non-interacting fermions, i.e., conical dispersion near the K-points of the Brillouin zone. This allows us to replace the real conductivity of graphene () with the universal conductivity  0 . As long as this approximation is valid, the slope of the linear dependence valid in the case of FLG (N < ~20) depends on the wavelength  only weakly through the dispersion of the refractive index of the substrate, ) ( SiC SiC n n  , according to Eqs. (3), (6) and (8) . It is appropriate to notice here that this anticipated weak dependence of the single-layer contrast on the wavelength is drastically different from the strong wavelength dependence observed for graphene/SiO 2 /Si [37] . Indeed, in this work [37] it is explained that the role of the SiO 2 layer is to act as a spacer, changing the phase of the light reflected from silicon, hence the strong wavelength dependence allowing tailoring the contrast for specific wavelength by varying the thickness of the SiO 2 layer. On the contrary, interference effects in the case of G/SiC start playing significant role only when graphene thickness becomes sufficient to induce interference between the beams reflected from the two interfaces, G/SiC and air/graphene. In the case of few-layer graphene interference effects are clearly negligible, cf. Fig. 5 . warping predict increase of the ratio ()/ 0 from ~1.005 to ~1.04 in the range of photon energies 1 -3 eV (see, e.g., [20] and the Supplementary information of Ref. [34] ). However, for energies below 2.33 eV (corresponding to wavelength of 532 nm used in this work) the deviation of ()/ 0 from one does not exceed 2 %, according to theory. We already saw that () is related to the product  n [cf. Eq. (7)], hence an increased value of () above  0 will be expressed in increased product  n above the linear dependence on the wavelength  given by Eq. (8) . The refractive index n and extinction coefficient  for graphene on Si, SiO 2 /Si or quartz substrates have been measured independently in two different works using spectroscopic ellipsometry [35] [36] . In Fig. 6 we compare the data for the product  n acquired from the figures in these references with the linear dependence of Eq. (8), which corresponds to ideal non-interacting Dirac fermions. As expected, all experimental points lie above the theoretical straight line. Both sets of experimental points asymptotically approach the theoretical line at lower energies (higher wavelengths) and the disagreement becomes insignificant as a consequence of more accurate fulfilment of the Dirac-fermions approximation. However, not only the discrepancy between the (ideal) theory and experiment, but also the discrepancy between the two experimental data sets increases rapidly towards higher photon energies. For example, around 530 nm, the data points of Ref. [35] are by ~26 % higher than the theoretical value, while the disagreement between Eq. (8) and the data of Ref.
[36] is ~12 %. We notice that if solely the increase of ()/ 0 to ~1.02 (around 530 nm) is accounted for [20, 34] the expected increase in  n above the linear dependence, Eq. (8), would be only ~2 %. Furthermore, the absorption of single layer graphene also increases with increasing ()/ 0 . The data of Ref. [34] suggests that all data points for the absorption of single layer graphene and for wavelengths above 500 nm lie around the value   (2.3  0.1) %, i.e., within an error margin of  5%. The data of Refs. [35] and [36] would predict absorption of single layer graphene around 530 nm by 26 % and 12 % larger than , respectively, which is not confirmed experimentally. Our contrast in reflectance of 1.7 % is also in better agreement with the concept of ideal fermions utilised in the work of Bruna and
Borini [33] . Indeed, using the values from [35] and [36] at ~532 nm for the product  n would yield a contrast of ~2.1 % and ~1.9 % at normal incidence, respectively, instead of the observed 1.7 %. This difference cannot be accounted for by integrating over the numerical aperture of the objective, because such integration only tends to increase (albeit insignificantly, as already discussed) the true value for normal incidence; thus the 1.7 % observed in our work is the approximate upper bound of the true value for the contrast at 16 normal incidence. Similarly, good agreement with the optical constants proposed by Bruna and Borini [33] has been observed in Ref. [19] for reflectance of graphene on glass substrate.
The wavelength used in this work is close to ours, ~550 nm selected with bandpass filter. (We recall that actually only the product  n is of importance for reflectance measurements on few-layer graphene, not the individual values of n and  ). We notice that sample contamination has been discussed previously as possible reason for increased absorption at higher photon energies [34] , and has been shown to affect significantly also ellipsometric measurements [38] , hence it might be at least partially responsible for the outlined discrepancy of absorption and reflectance measurements with ellipsometric data. However, in the energy range above ~2.5 eV (wavelengths below ~500 nm) one may expect growing contribution from the wing of the absorption peak at 4.6 eV [35] [36] , which is probably the reason for the inflection seen in Fig. 6 in both experimental data sets around 500 nm. This contribution will possibly lead to slight increase of the contrast (from 1.7 % at 530 nm to at most ~3 % at 400 nm, judging from Fig. 6 ). Thus, no drastic changes are expected in the contrast within the whole visible region (more details on the wavelength dependence of the contrast are discussed in Sec. S2 of the Supplementary Data). Our experimental data suggests also that the increase of reflectance by ~1.7% per layer is rather insensitive to the position of the Fermi level (chemical potential)  with respect to the electro-neutrality point. This observation can be justified using the complex expression for the conductivity, e. g., of Ref. [29] ; the chemical potential appears in the imaginary part of the interband conductivity (which is the dominating one at optical frequencies) through the expression [29] 
This expression appears squared, e.g., when the squared modulus of the numerator and the denominator of Eq. (2) is evaluated, and it is clearly negligible compared to the other terms, not only because of the smallness of () 2 , but also due to the small factor 
Conclusions
We have successfully employed mapping of the reflected intensity of the exciting laser in a slightly modified micro-Raman setup in order to visualize the morphology in terms of exact number of layers of graphene grown on SiC. The reflectance mapping alone is much faster than Raman mapping; a map containing 10000 points can be obtained in less than two hours, but only information on the number of layers is obtained. However, reflectance mapping can be performed also simultaneously with Raman mapping, thus providing valuable information on the number of graphene layers in addition to the information about strain and doping obtainable from the Raman spectra. We find also excellent agreement between the experimental data and existing theory. Simple expressions describing the reflectance of FLG 18 are proposed, and the quantum mechanical results are compared with a macroscopic approach, in which graphene is described with refractive index and extinction coefficient. This comparison leads to anticipation that in principle up to ~50 graphene layers can be accurately determined, making the technique more suitable alternative than LEEM for investigation of graphene on the C-face. The reflectance-mapping method is applicable for counting the graphene layers also on other semiconducting or insulating substrates.
